Simple retroviruses induce tumors by integrating into the host genome, activating cellular oncogenes and microRNAs, or inactivating tumor suppressor genes. The identification of these genes elucidates molecular mechanisms of tumorigenesis. In this study, we identified avian leukosis virus (ALV) proviral integration sites in rapid-onset B cell lymphomas arising <12 weeks after infection of chicken embryos. By using inverse PCR, 28 unique viral integration sites were identified in rapid-onset tumors. Integrations in the telomerase reverse transcriptase (TERT) promoter/enhancer region were observed in four different tumors, suggesting that this is a common integration site. These provirus integrations ranged from 217 to 2,584 bp upstream of the TERT transcription initiation site and were all in the opposite transcriptional orientation to TERT. Southern blots of tumor samples demonstrated that these integrations are clonal and therefore occurred early in the process of tumorigenesis. Real-time RT-PCR showed overexpression of TERT mRNA in tumors harboring viral integrations in the TERT promoter. Telomerase activity was also up-regulated in these tumors; however, telomere-length alterations were not detected. Furthermore, viral LTR sequences directly enhanced the expression of luciferase reporters containing the TERT promoter sequences. This study documents retroviral up-regulation of cellular TERT by insertional activation to initiate or enhance tumor progression. retroviral tagging ͉ chicken tumors ͉ chicken telomerase
C
ancer development is a multistep process requiring sequential changes in various genes and cellular pathways (1) . The critical role of telomerase in tumorigenesis is evident by its up-regulation in Ͼ90% of human cancers, especially malignant, late-stage tumors (2) . The classic pathway of oncogenesis in somatic cells is thought to be triggered by shortened, dysfunctional telomeres (3) , which lead to significant chromosome instability and fusion-bridge events (4) . Eventually, some of these cells extend their telomeres either by reactivation of telomerase activity or by the alternative lengthening of telomeres (ALT) mechanism (3). This restores genomic stability, bypasses cell cycle arrest and establishes a cancer progenitor cell. In contrast, telomerase reactivation is not necessary in cancers originating from stem cells due to their persistent high telomerase activity (5) .
Retroviruses provide a unique method of studying cancer progression, because they can induce tumors in animal hosts by insertionally activating or, more rarely, inactivating cellular genes. When retroviruses integrate into the host genome, they frequently place a host gene under the control of viral regulatory elements (6) . This mimics natural cancer development in humans because it selects for a complement of mutations that support the cancer phenotype. Thus, retrovirus-tagged oncogene discovery has been a potent tool in revealing potential oncogenes and tumor-suppressor genes in both chicken and mouse model systems (6, 7) . To classify a virus-tagged gene as a potential cancer gene, it must be present in multiple independent tumors. Because viral integration is random, common integration sites are believed to result from strong biological selection (7) .
Avian leukosis virus (ALV) is a simple retrovirus that does not encode an oncogene but that can induce tumors by integrating near oncogenes, introducing a strong promoter or enhancer sequence (8) (9) (10) (11) (12) . Typically, ALV induces B cell lymphomas to develop in Ϸ6 months and frequently involves proviral integrations, resulting in deregulation of the cellular transcription factor, myc, as well as bic (precursor to microRNA 155) (10) (11) (12) . In addition, B cell lymphomas with a more rapid onset (lethal in Ͻ3 months) have been observed with clonal proviral insertions into the myb gene locus, resulting in overexpression of a truncated Myb transcription factor (8, 9) . Because the cancer phenotype appears to involve a complement of cellular abnormalities, it is probable that additional oncogenes are altered in these tumors.
When 10-day-old chicken embryos were infected with certain mutant strains of ALV, B cell lymphomas caused death in up to 75% of the chickens by 10 weeks after hatching (13) . We performed inverse PCR on genomic DNA from these lymphomas and identified 28 unique viral integration sites in tumors from eight different birds. Integrations into the telomerase reverse transcriptase (TERT) gene were independently identified in tumors in four different birds, making TERT a common integration site. The integrations all occurred within the TERT promoter/enhancer region, 0.2-2.6 kb upstream of the TERT transcription initiation site, and all were in the opposite transcriptional orientation. Because human TERT is only thought to be expressed in stem cells and cancer cells (5) , our finding of a common insertion site in the chicken TERT gene appeared to be relevant to tumorigenesis.
Furthermore, real-time RT-PCR showed up-regulation of TERT mRNA in all tumors harboring ALV integrations upstream of the TERT gene. This up-regulation was due to the regulatory effects of the inserted viral enhancer. Furthermore, functional telomerase activity was found to be increased when measured by the telomeric repeat amplification protocol (TRAP). Because these tumors were clonal for viral integration into TERT, our data suggest that up-regulation of TERT is an early event in malignancy. Interestingly, telomerase seems to have exerted its oncogenic effects independent of changes in telomere length.
Results

Proviral Integration into myb Is Not Always Clonal in Rapid-Onset
Avian Lymphomas. ALV induces B cell lymphomas associated with clonal proviral integrations into various proto-oncogenes, including myc and myb (8) (9) (10) (11) (12) 14) . To determine whether myb integration acts as an initiating event in tumorigenesis in these chickens, as it does with previously studied rapid-onset ALVinduced lymphomas (8, 9, 14) , we examined the clonality of myb integrations in previously studied tumors (13) . If the tumor is clonal for myb, we expect to see equal signal from both the rearranged chromosome and the WT chromosome. Because PCR analysis had shown that all of these tumors had integrations in the myb locus (15), we were surprised to find that only 2 of 10 tumors analyzed by Southern blotting (A4 and C3) had clonal integrations in myb (data not shown). This finding suggests that myb integrations may not have been an early event in the formation of all of these tumors, and proviral integrations into other genes might have a more significant contribution to initiating tumor formation.
Most Proviral Insertion Sites in Tumors Are Near or Within Genes. To identify additional genes involved in the induction of these tumors, we selected tumors from eight different chickens for further analysis. Inverse PCR was used to identify proviral integration sites in genomic tumor DNA, usually obtained from the liver, where the B cell lymphomas had metastasized. Twentyeight unique proviral insertion sites were isolated from these eight tumors [supporting information (SI) Table 1 ]; this is almost certainly an underestimate of the total number of integration sites in these tumors. Nineteen of these integrations were mapped within gene transcripts, and an additional seven were mapped within 4 kb of transcribed cellular genes. Only 2 of these 28 integrations were intergenic, suggesting a strong selection in the tumors for integration sites in or near genes. Integration sites were found on chromosomes 1, 2, 3, 4, 7, 8, 9, and 17. Of these 26 genic integration sites, 1 was exonic and 18 were intronic. Six occurred upstream (0.4-3.9 kb) in the enhancer/promoter region of genes, and one was 3.4 kb downstream of a gene. Thirteen integrations were found in the same transcriptional orientation as the nearest gene, whereas the others were antisense, suggesting that the orientation of integration was random. Some of the integration sites identified were in or near previously identified proto-oncogenes, including myb, vav-3, whsc1, and tpd52.
The TERT Promoter/Enhancer Region Is a Common ALV Integration
Site. Of all of the viral integration sites identified by inverse PCR to date, the only integration site common to multiple tumors was upstream of the TERT gene. This integration locus was identified in four different tumors from different birds, termed C2, C6, C7, and D2 ( Fig. 1A and SI Table 1 ). The integration site of tumor C6 was found on chromosome 2 at nucleotide 17855498 of Gallus gallus assembly 2.1, which is 2,584 bp upstream of the TERT transcription start site. Similarly, the integration site of tumor C7 was detected by inverse PCR at a position 1,088 bp upstream of TERT. On the basis of direct PCR, we found evidence of integration sites 217 and 413 bp upstream of TERT in tumors C7 and D2, respectively. Remarkably, all four proviral integrations were clustered within a 2.4-kb stretch in the promoter/enhancer region of TERT, and all four proviruses were in the reverse transcriptional orientation relative to TERT. This finding is suggestive of a strong selective preference for this common integration site location and orientation in these four tumors.
To confirm the inverse PCR results, we used a viral LTRspecific primer, together with a TERT exon 1-specific primer, to directly amplify the DNA sequences flanking the viral integration site. The amplified bands were purified, cloned and sequenced revealing that the viral/cellular junctions matched the inverse PCR results for tumors C6 and C7 (data not shown). In addition, in tumor C7, we observed evidence for multiple integration sites upstream of TERT by direct PCR, suggesting that this tumor may be oligoclonal.
To further confirm the provirus integration sites in these tumors and to ask what fraction of the cellular genes were rearranged, the tumor genomic DNA was digested with EcoR1 and a Southern blot analysis was performed using a probe complementary to TERT exon 2 (nt ϩ1179-2105). In the Southern blot analysis shown in Fig. 1B , the normal TERT gene (NB and NL) exhibited a 6.7-kb band, as predicted from the EcoR1 restriction sites at Ϫ4,489 bp and ϩ2,223 bp in the TERT gene ( Fig. 1 A) . Because the viral LTRs, gag, pol, and env genes contain EcoRI sites, the integration of intact proviral DNA would introduce five additional EcoRI sites upstream of TERT, disrupting the normal 6.7-kb band and generating a smaller, rearranged band when probed with the TERT probe.
On the basis of the sites of integration mapped by inverse PCR and direct PCR, the sizes of the rearranged bands were predicted to be 4.8 kb for C6 and 2.6 kb for D2. The C7 tumor was predicted to generate two rearranged bands with sizes of 3.3 kb and 2.4 kb. These tumors all were found to have a normal TERT allele and a rearranged allele of the expected size (Fig. 1B) . In contrast, the A4 tumor contained no proviral integration in TERT and only showed the 6.7-kb normal TERT allele. In addition, we observed a rearranged band of Ϸ3.0 kb for C2L. On the basis of the size of the rearranged band, we predicted that the proviral integra- tion site for C2 occurred at a position Ϸ0.8 kb upstream of the TERT transcript. Inverse PCR had detected another integration site in Tumor C2 at position Ϫ2,323, suggesting multiple ALV integrations into TERT in the same tumor. Southern blotting and direct PCR also revealed multiple rearranged bands for the tumor C7. Because the rearranged bands for tumors C2 and C7 were weaker than the WT allele, we conclude tumors C2 and C7 are oligoclonal for integration into the TERT locus, whereas C6 and D2 are clonal. These results, together with the inverse PCR data and direct genomic PCR results, confirm that the upstream regulatory region of the TERT gene is a common provirus insertion site in short-latency B cell lymphomas. We also observed clonal TERT rearrangement in the C6 bursa (data not shown), suggesting that this event is likely to occur early in tumor induction.
To determine whether these same tumor samples also have clonal viral integrations in the myb locus, we stripped the membrane and blotted with a myb-specific probe, containing sequences from myb intron 3 to exon 5. Normal bursa and liver, and tumors (C2, C6, C7, D2) were found to contain only the WT myb allele (Fig. 1C ). Because these tumors had been shown to contain myb integration by nested PCR (15) , these data suggested that myb integration is not clonal in these tumors. In contrast, the equal signal from the rearranged and WT allele in tumor A4 (Fig. 1C ) and C3 (data not shown) indicated clonal rearrangement of myb but not of TERT.
TERT mRNA Expression Was Elevated in Tumors with Proviral Integrations in TERT. Up-regulation of TERT expression has been observed in Ͼ90% of human tumors (2), suggesting that its activation is required for tumor initiation and/or progression. Our finding of four common ALV integrations in the TERT promoter region in the antisense orientation led us to propose that these tumor cells used the viral LTR enhancer to promote elevated or deregulated TERT gene expression. To test this hypothesis, we first sought to characterize TERT mRNA expression levels in the tumors containing TERT proviral integrations. Using real-time RT-PCR with gene-specific primers, we compared three bursa tumors and eight metastasized liver tumors with and without viral integrations in TERT. The expression data in Figs. 2 and 3 were normalized either to GAPDH mRNA or 18S ribosomal RNA levels with similar results.
We found that the tumors with TERT proviral integrations were all associated with elevated levels of TERT mRNA. TERT mRNA levels in bursa tumors C6, C7, and D2 increased 2.4-, 3.7-, and 2.1-fold, respectively, relative to levels in normal bursa (Fig.  2 A) . TERT mRNA levels in normal liver were 60-fold less than in normal bursa (data not shown), but in liver tumors, the TERT levels increased 145-, 288-, and 240-fold, respectively, relative to normal liver (Fig. 3A) . Among the eight liver tumors analyzed by real-time RT-PCR, tumors A2 and C4 also had significant increases in TERT mRNA levels, 47-and 186-fold, respectively, over normal liver, even though we did not detect proviral integration into their TERT locus (Fig. 3A) .
We evaluated the possibility that our B cell tumor samples obtained from the liver were contaminated with normal liver tissue by real-time RT PCR analysis, comparing expression of liver-specific albumin with B cell-specific IgG (SI Fig. 6 ). We discarded some tumor samples with high relative albumin expression. Most of the rest were Ͼ80% B cell specific, except for tumors C6 and C2, which appeared to be composed of Ϸ2/3 liver on the basis of our analysis. Three of the lymphomas with significant levels of B cells in the liver (SI Fig. 6 ), presumably due to tumor metastases, failed to show any TERT expression (A4, C3, D5), including two of the tumors with clonal integrations into myb (data not shown).
Because binding sequences for myb and myc are present in the TERT promoter/enhancer (Fig. 1 A) , this suggests a possible regulatory role for Myb and Myc in TERT gene expression. Thus, we next examined the mRNA levels of myb and myc in these tumors by real-time RT-PCR. Significantly, the myb mRNA levels in three bursal tumors with TERT viral integration, C6, C7, and D2, were 45-, 31-, and 33-fold higher than normal bursa levels (Fig. 2B) . In the corresponding liver tumors, the myb expression levels were all Ͼ2,000-fold higher than normal liver myb levels (Fig. 3B) . Normal bursa had 80-fold higher myb levels than normal liver. As expected, myb mRNA was also up-regulated in many tumors without TERT viral integration, including A4 and C3, which had ALV integrations in myb (data not shown).
The myc mRNA levels were not detectably up-regulated in the bursa tumors studied (Fig. 2C) but were shown to be 22 times higher than normal liver in the C7 liver tumor, which has a TERT viral integration (Fig. 3C) . myc was also elevated 64-and 120-fold, respectively, in A2 and C4 liver tumors, which did not have known viral insertions in the TERT locus (Fig. 3C) . Interestingly, A2 and C4 tumors had no known proviral inte- Fig. 2 . Expression levels of TERT (A), myb (B), myc (C) and TR (D) in normal bursa and bursa tumors. RNA levels were measured by real-time RT-PCR using gene-specific primers and were normalized relative to GAPDH mRNA levels. Bursa tumor RNA levels were plotted relative to levels in uninfected normal tissues. gration in TERT but had elevated TERT mRNA expression, and they both exhibited up-regulation of myc mRNAs (Fig. 3C) , suggesting that Myc may play a role in regulating TERT expression in these tumors. From this we conclude that proviral integrations in TERT are associated with up-regulation of TERT mRNA.
Analysis of TR RNA Levels in Bursa and Liver Tumors.
A functional telomerase heterodimer consists of both the enzymatic component TERT and the RNA template component TR (16) . Although it has been suggested that TR is constitutively expressed in all tissues (17) , recent studies have shown that TR levels are not elevated in normal tissues and only up-regulated in some tumors (18) . To examine whether TR expression has been affected in the short-latency chicken tumors, we included TRspecific primers in the real-time RT-PCR studies. TR levels in all three (C6, C7, D2) bursa tumors analyzed were not found to be up-regulated in this assay (Fig. 2D) . However, in the metastatic liver tumors, viral integration in TERT was associated with 45-, 40-, and 31-fold higher expression of TR compared with normal uninfected liver tissue (Fig. 3D) . Of five tested tumors without viral integrations in TERT, four tumors, A2, C3, C4, and D5, also had increased TR RNA levels 74-, 36-, 53-, and 13-fold higher than normal liver. However, normal bursa was found to have 28-fold higher levels of TR than normal liver (data not shown).
Telomerase Activity Was Activated in Tumors with TERT Integrations.
Because TERT was up-regulated in these tumors, we next asked whether this led to an increase in telomerase activity. We used TRAP (19) to determine the telomerase enzyme activity in these tumors. Fig. 4 shows a typical TRAP gel autoradiogram. We quantified the signals from telomeric repeats and found that normal bursa carried significant levels of TRAP activity, confirming the existence of developmentally immature cells in this early bursa. Bursas taken from birds with tumors (C6, C7, and D2) having TERT integrations were associated with 2.0-, 3.23-, and 3.13-fold increases in TRAP activity respectively, when normalized to normal bursa. Normal liver and liver tumors (A2, A4, C3, and D5) without TERT integrations showed very low levels of telomerase activity. Conversely, liver tumors with TERT integrations (C6, C7, and D2) and a fourth tumor with high TERT mRNA levels (C4) were associated with 1.6-, 2.9-, 2.6-, and 2.0-fold increases in activity, respectively, when compared with normal bursa and were associated with 7.0-, 12.6-, 11.4-, and 8.7-fold increases, respectively, when compared with normal liver.
To elucidate the potential role of proviral integration activating TERT in tumorigenesis, we examined the telomere length of tumors with or without TERT integration. Genomic DNA obtained from normal and tumor tissues were digested by HaeIII, a restriction enzyme that lacks digestion sites in the telomere. Southern blotting was carried out using a probe against the telomeric repeat sequence. There was no apparent change in telomere length among these samples (data not shown). This finding further supports our hypothesis that insertional activation of TERT by ALV was a primary event in tumorigenesis and not a later event triggered by unstable short telomere ends. Furthermore, this finding suggests TERT may have an alternate role in promoting tumor development.
ALV U3 LTR Sequence Enhanced Transcription of a Reporter Driven by
the TERT Promoter. Because the four integrated proviruses were all upstream and oriented in the opposite direction relative to TERT transcription, we proposed that the increase in TERT mRNA levels was likely due to the enhancer elements in the viral LTR acting in cis to activate gene transcription, as has been seen in other tumors (6) . To address this hypothesis, we fused U3 enhancer sequences from the viral LTR in the sense or antisense orientation 2.6 kb upstream of the TERT transcription initiation site (Fig. 5A ). This position corresponds to the site of proviral insertion in tumor C6. We compared the transcriptional activity of the WT TERT promoter alone and the fused U3-TERT promoter in a luciferase reporter system in chicken embryo fibroblasts (CEFs). Fig. 5B shows that the WT TERT promoter/ enhancer only very weakly enhances luciferase activity in CEFs, which is consistent with the fact that TERT is expressed at a very low level in somatic tissue. Insertion of the LTR in the sense orientation increased the luciferase levels Ϸ2-fold. Luciferase levels increased Ϸ4-fold when the LTR enhancer was inserted in the antisense orientation and compared with the WT chTERT promoter alone. This transcriptional enhancement appears to be attributable to an orientation-dependent activity of the ALV regulatory elements.
Similar results were observed after transfection of these constructs into a B cell tumor line, KBMC cells, which were derived by transformation with Rel (20) (data not shown). Interestingly, the expression levels of all these constructs in KBMC cells were 7-fold higher overall than those in CEFs. This finding suggests that additional transcription factors, such as Rel, active in the KBMC tumor cell line may also be contributing to TERT expression as has been proposed by Bose and coworkers (21) . These results suggest that integration of the viral LTR in the chTERT promoter/enhancer region can directly enhance the transcription of TERT mRNA from its endogenous promoter. The observed enhancer effect also seems to be independent of cell type, yielding similar results in both CEF and KBMC cells.
Discussion
ALV infection of cultured chicken embryo fibroblasts, with no selection for tumor formation, resulted in nearly random integrations in the genome (approximately one-third of the insertions were associated with genes) in the work of Bushman and coworkers (22) . Furthermore, endogenous ALV integrations in chickens were found to be predominantly intergenic, and this was attributed to a purifying coevolution of virus and host (22) . In contrast, 93% of the ALV integration sites we identified in rapid-onset B cell lymphomas are within or very near genes, suggesting that selectivity of certain integration sites is occurring in tumor cells. Consistent with this finding, we observed integrations into several sites of known proto-oncogenes (Myb, Vav3, WHSC1, and TPD52), as well as four common integration sites in the TERT upstream region.
ALV proviral integrations in four different B cell lymphomas were in the TERT gene, varying from 0.2 to 2.6 kb upstream of the TERT transcription initiation site, making TERT a common insertion site for ALVs in B cell lymphomas. Remarkably, all five integrations occurred in the reverse orientation, suggesting that enhancers in the proviral LTR may cis-activate TERT transcription. Alternatively, proviral DNA insertion may have disrupted some TERT repressor-binding sequences. Finally, transcription factors acting in trans on TERT may have been induced by insertional mutagenesis (myc or rel, for example). We found that the viral LTR enhanced telomerase promoter activity, especially in the reverse orientation, and conclude that ALV LTR has a direct regulatory effect on TERT transcription.
Two human viruses, hepatitis B virus and papilloma virus, have also been observed to integrate into TERT in a small number of liver and cervical tumors, respectively (23, 24) , suggesting proviral integration in TERT may be of more general importance in oncogenesis. However, the effect of viral integration into TERT on its expression was not determined in these previous studies. In addition, telomerase is transactivated by v-Rel during transformation of chicken lymphoid cells and fibroblasts (21) . Furthermore, Marek's disease herpesvirus (MDV) encodes a viral TR that is 88% homologous to host TR and that contributes to induction of chicken T cell lymphomas (25) .
In confirming the viral integrations by Southern blotting, we demonstrated that the proviral integrations upstream of TERT, in tumors C6 and D2, were clonal. Clonality suggests that the TERT integration exists in every cell in the tumor. Thus, the progenitor B cell leading to these tumors must have harbored a TERT integration very early in tumorigenesis. This may have provided a growth advantage to these cells, making them more susceptible to further selective mutations and malignant transformation. Conversely, myb integration sites in these four tumors were not observed by Southern blot analysis but only by direct PCR (15) . This finding suggests that the myb integrations were not clonal and may represent a later event distinct from the clonal myb-lymphomas described in refs. 8, 9, and 26. Alternatively, myb may be needed for tumor initiation, but not its progression. Consistent with this, clonal proviral integrations into myb have been observed in the bursas of some of these birds (15) . We hypothesize that tumorigenesis was triggered by activation of TERT by proviral integration in these four birds. Nevertheless, two other tumors in this group, A4 and C3, were clonal for myb integrations but showed no clonal integrations into TERT, suggesting that there are two different pathways involved in formation of these rapid-onset tumors.
After confirming the proviral integrations by Southern blot analysis, we sought to examine the viral enhancer's capacity to up-regulate TERT expression by real-time RT-PCR assays. In these experiments, TERT mRNA levels in tumor tissue were 2.1-to 3.7-fold higher than normal bursa and 150-to 300-fold higher than normal liver TERT mRNA levels. This large variation in gene expression enhancement is because, in 10-week-old chickens, the bursa possesses 60-fold higher levels of TERT mRNA than the liver (data not shown). This finding was not surprising because chicken bursa contains hematopoietic stem cells, which would be expected to express high levels of telomerase (27) . In contrast, in the liver, hepatocyte progenitors are normally quiescent and only conditionally reactivated under circumstances of injury or need.
Based on the absence of telomerase activity in somatic cells, it was previously hypothesized that most cancers were characterized by telomere shortening in the early stage and on telomerase reactivation in the later stage of tumorigenesis (28) . In some stem cell cancers, however, telomerase activity is already present, and reactivation is not required (5). In the current study, tumors developed from telomerase-positive B cells. Thus, it was surprising to find that TERT and telomerase activity were overexpressed in these tumors. In our study, there was no significant difference observed between the telomere lengths of tumors and normal tissues.
Recent studies have demonstrated telomere-independent functions of telomerase in cell cycle control and cell proliferation. TERT overexpression led to up-regulation of several proto-oncogenes including myb, growth factors, cell-fate regulators, and down-regulation of growth inhibitors (29) . Conversely, down-regulation of TERT led to subsequent downregulation of oncogenes and cell growth factors (30) . Thus, it is possible that the myb overexpression observed in tumors with TERT integrations may be a consequence of TERT activation. TERT overexpression in epidermis increases embryonic stem cell (ESC) mobilization and proliferation in the absence of telomere-length changes (31) . TERT also seems to enhance the survival of ESC by increasing the expression of stress response and defense genes (32) . Recent studies show telomerase may also play a role in tumor progression and metastasis by activation of the glycolytic pathway and in suppression of tumor-cell differentiation (33, 34) .
Telomerase reactivation is observed in Ͼ90% of human tumors but has not been seen in mouse tumors (35) , suggesting that the role of telomerase in oncogenesis is different in mice than in humans (36) . One possible reason for this difference is that the brief lifespan and telomere biology of rodent species is significantly different from humans. Mouse telomeres are long and do not shorten with aging (37) . In contrast, avian telomeres shorten with age, and the pattern of telomerase expression in different tissues is more similar to humans (38) . Chicken telomerase is active in early embryos and developing organs but is down-regulated in most somatic tissues unless they are transformed (39). The current study has shown that telomerase is frequently activated in chicken rapid-onset B cell lymphomas, as in human cancers, proving this to be an important and relevant model system for the study of telomerase involvement in oncogenesis.
Materials and Methods
Inverse PCR and Gene Identification. The chicken tumors were generated in a study described in ref. 13 . Tumor genomic DNA was prepared by standard proteinase K digestion followed by phenol-chloroform extraction. Inverse PCR was carried out as described in ref. 40 by using restriction enzyme Acc65I and L2/PolAcc65I-R primers (SI Table 2 ). Gene identity was analyzed with BLAST (National Center for Biotechnology Information) and BLAT (University of California, Santa Cruz, Genome Informatics) searches.
Luciferase Assay. Secondary CEFs were transfected with various plasmid DNAs by using diethylaminoethyl (DEAE)-dextran as described in ref. 41 . The pRL-CMV construct (Promega) was cotransfected into CEFs as a transfection control. Forty hours after transfection, CEFs were harvested and assayed for firefly and Renilla luciferase activities by using the Dual-Luciferase Reporter Assay System (Promega) while following the manufacturer's protocol. The luminescence was measured in the TopCount NXT microplate counter (Packard).
Southern Blot Analysis. Genomic DNA was prepared with the DNeasy tissue kit (Qiagen) by following the manufacturer's protocol. Ten micrograms of genomic DNA were digested by EcoRI and separated on a 0.8% agarose gel. The TERT DNA probe was made by random labeling using a PCR fragment from TERT exon 2 as the template. The myb probe was made similarly from a plasmid containing a PCR fragment that was amplified with myb primers. The results were visualized by Typhoon 9410 Phosphorimager (Amersham Biosciences).
Real-Time RT-PCR. Tumor RNA was extracted with RNA Bee (TEL-TEST) following the manufacturer's protocol and was treated with DNase I (Roche). Reverse transcription was carried out with random hexameric primers (Fermentas Life Sciences) and the iScript cDNA synthesis kit (Bio-Rad). Real-time PCR was performed using the iCycler iQ Multicolor Real-Time PCR Detection System (Bio-Rad), and the primers are listed in SI Table 1 .
Telomerase Activity Assay. The TRAP assay was carried out with the TRAPEZE Telomerase Detection Kit (Chemicon) following the manufacturer's protocol.
